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ABSTRACT: The purpose of this paper is to prove some common fixed point theo-
rems for two pairs of weakly compatible mappings in complex valued metric spaces
satisfying an implicit relation. Several illustrative examples are given which demon-
strate the usefulness of our utilized implicit relation. Beside generalizing and im-
proving several well known core results of the existing literature we can deduce
several new contractions which have not obtained before in complex valued metric
spaces. As an application of our results, we prove the existence and uniqueness of
common solution of Hammerstein as well as Urysohn integral equations.
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1. Introduction and Preliminaries

Due to its applications, fixed point theory has demonstrated to be a useful
branch of nonlinear analysis. In 1922, Banach introduced the most powerful prin-
ciple (Banach contraction principle) which has been extended and generalized to
many directions with several applications to many branches.

In 1997, Popa [10] initiated the idea of an implicit relation which is designed
to cover several well known contractions of the existing literature in one go besides
admitting several new contractions. Thereafter, several authors proved a multi-
tude fixed point theorems (see [9,13,11,12] and references cited therein). In fact,
the strength of implicit relations lies in their unifying power besides being general
enough to a multitude yield new contractions.
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Recently, Azam et al. [3] introduced the concept of complex valued metric
spaces which is relatively more general than metric spaces and also proved com-
mon fixed point theorems for two mappings satisfying certain rational inequalities.
Since then, several papers have dealt with fixed point theory in complex valued met-
ric spaces (see [2,4,5,16,14,22,21,18,19,17,20,23,14] and references cited therein).

Though complex metric spaces form a special class of cone metric spaces, yet
the definition of a cone metric space banks on the underlying Banach space which
is not a division ring. Hence, rational expressions are not meaningful in cone met-
ric spaces and henceforth many results involving rational contractions can not be
generalized to cone metric spaces. So, with a view to prove results involving ra-
tional inequalities Azam et al. [3] propounded the idea of complex metric spaces.
In cone metric spaces the underlying metric assumes values in linear spaces where
the linear space may be even infinite dimensional, whereas in the case of complex
metric spaces the metric values belong to the set of complex numbers which is one
dimensional vector space over the complex field. This is an instance which paves
the way to consider complex metric spaces independently.

The aim of this paper is to utilize the idea of implicit relation in complex valued
metric spaces to prove unified common fixed point results for two pairs of weakly
compatible mappings satisfying an implicit relation such that these results unify,
improve and generalize many existence results of the literature. We furnish with
some examples to clarify that our implicit relation covers many of the exitance
results in the context of complex valued metric spaces and is also general enough
to yield some new contraction conditions.

Let C be the set of all complex numbers and z1, zo € C. Define a partial order
=< on C as follows:

21 3 22 <= Re(z1) < Re(z2) and Im(z1) < Im(z2).
It follows that z1 = 2o, if on of the following conditions is satisfied:
(i) Re(z1) = Re(za), Im(z1) = I'm(z2),
(ii) Re(z1) < Re(22), Im(z1) = Im(z2),
(ili) Re(z1) = Re(z2), Im(z1) < Im(z2),
(iv) Re(z1) < Re(za), Im(z1) < Im(z2).
In particular, we write z; = 2y if (i) holds and we write 21 3 22 if 21 # 22 and one

of (i), (i4i) and (iv) is satisfied while z; < 25 if only (iv) is satisfied.

Throughout this presentation, N, Q,R and C, respectively denote the set of
natural numbers, the set of rational numbers, the set of real numbers and the set
of all z € C such that 0 = z. Also, 77 is the dual relation of X and I stands for the
identity mapping.



UNIFIED COMMON FIXED POINT THEOREMS IN COMPLEX VALUED METRIC 11

Remark 1.1. Note that the following assertions hold for all z1, z2, 23 € C:
1. a,feR witha < and 0 2 21 = az1 3 Bz1;
2. 03 21 3 22 = |2 < |22];
3. 21 D 29,20 < 23 = 21 < 23;
The following basic definitions and results are required in the sequel.

Definition 1.2. [3] Let X be a nonempty set. Suppose that the mapping d :
X x X — Cy satisfies the following conditions:

(i) d(z,y) =0 if and only if x =y for all x,y € X;

(11) d(z,y) = d(y,z) for all x,y € X;
(i11) d(z,y) 2 d(z,z) +d(z,y) for all x,y,z € X.
Then the mapping d is called a complex valued metric and the pair (X,d) is called
a complex valued metric space.

Remark 1.3. In Definition 1.2 we ignore stating the nonnegative property 0 =
d(z,y) for all x,y € X since it follows from (i), (ii) and (ii7).
Definition 1.4. [3] Let (X,d) be a complex valued metric space. Then
(i) a point x in X is said to be an interior point of a subset M of X, if there
exists 0 < € € C such that

N(z,e)={y e X :d(z,y) <} C M,

(ii) a point x in X is called a limit point of a subset M of X, if for every 0 <
eeC,
N(z,e) N (M \{z}) # o,

(iii) a subset M of X is called an open set, if every element of M is an interior
point of M,

(iv) a subset M of X is called a closed set, if every limit point of M belongs to
M,

(v) the family F = {N(z,e):x € X,0<¢e € C} forms a subbasis of a Hausdorff

topology T on X.

Example 1.5. Let X = C([a, b],R") where a,b € R,0 < a < b. Define a mapping

d: X x X — C as follows:

A(w.y) = max [a(t) — y(0) VT + aZe 00

Then (X,d) is a complex valued metric space.
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Definition 1.6. [8] The max function for complexr numbers with partial order
relation = is defined as follows for all z1,z9 € C:

max{z1, 22} = 29 <= |z1| < |29

Definition 1.7. [3] Let {x,,} be a sequence in a complex valued metric space (X, d)
and x € X. Then

(1) {zn} converges to x, If for every 0 < e € C there exists an ng € N such that
d(z,,x) <€ Vn > ng,
and denote this symbiotically by lim, .o x, = x or T, —> X, as N —> 0O,

(i1) {xn} is said to be a Cauchy sequence if for every 0 < & € C there exists an
ng € N such that
A, Tpym) <€ Vn > no,

where m € N,

(ii) (X,d) is called a complete complex valued metric space if every Cauchy se-
quence in X is convergent in X.

Lemma 1.8. [22] Let (X, d) be a complex valued metric space, {xn} a sequence in
X and X € [0,1). If ay, = |d(@p, Tpy1)| satisfies oy < Aay—1, for all n € N, then
{zn} is Cauchy sequence.

Definition 1.9. Let S,T,f and g be four self-mappings of a nonempty set X.
Then

(i) a point u € X is said to be a fized point of S if Su = u,
(ii) a point u € X is said to be a common fized point of S and T if Su =Tu = u,

(iii) a point u € X is said to be a coincidence point of S and f if Su= fu and a
point t € X such that t = Su = fu is called a point of coincidence of S and
[

(iv) a pint t € X is said to be a common point of coincidence of the pairs (S, f)
and (T, g) if there exist u,v € X such that Su= fu=1t and Tv = gv = t.

Now, we introduce the following definition involving four finite families of map-
pings.

Definition 1.10. Four families of self mappings {S;}\, {fi}7, {T:}} and {g:}3
defined over a nonempty set X, (where l,m,n,s € N), are said to be pairwise com-
muting if:

(Z) SlS] = SjSi fori,je {1,2, ...,l},
(ZZ) Szfj = ijZ forie {1,2, ,l},j S {1,2, ...,m},
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(i11) S;T; =1T;S; forie{1,2,...,1},j€{1,2,...,n},
() Sig; = g;S: fori€{1,2,...,1},7 € {1,2,..., s},
(v) fif; = fifi fori,j €{1,2,....,m},

(vi) f;T; =T;f; forie{l,2,...,m},j€{L,2,....,n},
(vii) fig; = gjfi forie{1,2,...m},je{1,2,..,s},
(viii) TiT; = TyT; fori,j € {1,2, ...},

(ix) Trg; = g;T; forie{1,2,...,n},j€{1,2,...,s},

(z) gig; = gjgi fori,j € {1,2,...,s}.

Remark 1.11. On setting f; = g; = I,V i € {1,2,...m}and j € {1,2,...,s} in
Definition 1.10 we deduce Definition 1.11 due to Imdad et al. [6].

Definition 1.12. [5] Let (X,d) be a complex valued metric space. A pair of self
mappings (S,T) on X is said to be weakly compatible if they commute at their
coincidence points. i.e., STx =T Sx whenever Sx =Tx,x € X.

Definition 1.13. [10] A function f : C — C is said to be a lower semicontinuous
at a point zy in C if for every 0 < e € C there exists a neighborhood N of zy such
that f(2) 7 f(z0)—e for all z in N. This can also be expressed asliminf,_, . f(z) ZZ
f(20). Also, f is said to be an upper semicontinuous at a point zo in C if for every
0 < € € C there exists a neighborhood N of zo such that f(z) 3 f(z0) + & for all z
in N. This can be expressed as limsup, . f(z) 3 f(2o0).

Definition 1.14. A mapping f : C — C is said to be a non-increasing mapping
with respect to 3 if for every z1,z2 € C, z1 3 22 implies fz1 25 fza.

Definition 1.15. [1] The required control functions are defined as follows:

(i) ¥ : C; — C4 is a continuous nondecreasing function with (z) = 0 if and
only if z=0,

(ii) ¢: Cy — Cy is a lower semicontinuous function with ¢(z) = 0 if and only
if z=0.

By U and ®, we respectively denote the set of all 's and the set of all ¢'s.

2. An Implicit Relation

In this section, we extend the idea of an implicit relation (due to Popa [10]) to
complex valued metric spaces in order to prove unified complex metrical common
fixed point theorems. We are not familiar with any article dealing with such implicit
functions rigorously.

Definition 2.1. Let <& be the set of all compler valued lower semi-continuous
functions F : (Cf’;_ — C satisfying the following conditions:
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F| : F is non-increasing in the 5" and 6" variables,

Fy : there exists h € [0,1) such that for u,v 7 0 we have
F(u,v,v,u,u4+v,0) 20 or F(u,v,u,v,0,u+v) 30 implies |u| = h|v|,

Fs5: F(u,u,0,0,u,u) =0 for all u > 0.

Now, we present multitude of illustrative examples to substantiate Definition
2.1.

Example 2.2. Define a function F : (Cf’;_ — C as follows:

F(Zl, 22,23, %4525, 26) = ZzZ1 — Al(ZQ)ZQ — AQ(ZQ) fj_i:;,

where A1, A2 : C; — [0,1) are given continuous mappings such that 2\1(z) +
Xo(z) <1VzeCy.

Fy @ Obvious.

Fy : Let w = 0 and F(u,v,v,u,u 4+ v,0) = F(u,v,u,v,0,u 4+ v) = u— A1(v)v —
A2(v)155 3 0. This implies that |u| < Ai(v)lv] + A2(v)] ffv‘ which implies that
lu| < L|v|. Hence, |u| < hlv| with h = %. If u=0 then it is clear.

Fs: Let u > 0, then F(u,u,0,0,u,u) =u— A\ (u)u > 0. Hence F € 3.

Example 2.3. Define a function F : (CfsF — C as follows:
F(Z1, 22,23, %4, %5, Zs) =21 — )\1(752)22 - )‘2('22) fizzi’
where A, Ay : C4 — [0,1) are given continuous mappings such that 2\i(z) +

)\2(2’) S 1Vz e (CJr.

Example 2.4. Define a function F : (Cf’;_ — C as follows:
F(z1, 29, 23, 24, 25, 26) = ¥(21) — 7/’(%), where ¥ € U with ¥(z1) 3 ¥(z2) <
Z1 j zZ92.

Example 2.5. Define a function F : (CfsF — C as follows:

2324

F =21 — \zo —
(21,22,23,24,25,26) 21 z2 ,U/1+23+Z4?
where A\, u € Ry such that A+ p < 1.
Fy @ Obvious.
Fy : Let u > 0, then F(u,v,v,u,u + v,0) = u — v — P 2 0= lu] <
Aol + u|1+”v“+u < (A + w)v|. Similarly, F(u,v,u,v,0,u 4+ v) 3 0 implies that

lu| < (A + p)|v|. Hence, |u| < hl|v| for h =X+ p. If u=0, then it is clear.
Fs: Let u > 0, then F(u,u,0,0,u,u) =u— Au = 0. Hence F € 3.

Example 2.6. Define a function F : C§. — C as follows:

21 — azg — Bz3 ZIZ, ifzs+ 24 #0;

21, if23+24 =0,

F(217225237Z47'Z5526) = {

where o, f € Ry such that o+ 25 < 1.
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Example 2.7. Define a function F : C§. — C as follows:

21— 12y — Qo2 — a3 2

z2+2z3+24 Z2+§3jz4 )
F(Zl,22723,2472’5726) = 70[4224»231247 Zf A#Oz
21, Zf A= 07

where A = zo + 23+ 24 and o; € Ry ;i =1,2,3,4 such that Z?Zl a; < 1.
Example 2.8. Define a function F : (Ci — C as follows:

F(z1, 20,23, 24, 25, 26) = 21 — a123 — a2(22 + 25) — az(z1 + 26),
where a; € Ry, 1 =1,2,3 such that ay + 3o + 3as < 1.
Example 2.9. Define a function F : (CfsF — C as follows:

22(1 + 2’3)

F = o — _
(21522723524525726) Z1 az3 /81+23+Z4,
where «, 8 € [0,1) such that o+ < 1.

Example 2.10. Define a function F : (Cf’;_ — C as follows:
F(z1,22,23,24,25,26) = 21— 122 — aa(23 + 24) — a3(z5 + 26)

24(1 +Z3) 23(1+Z4)
— Oy — Q5
14+ 20+ 23 1+ 29424

— (625,

where a; € Ry ;1 =1,2,...,6, such that a; + 2as + 2a3 + a4 + a5 + 2a6 < 1.
Example 2.11. Define a function F : (Cf’;_ — C as follows:

ZozZ3+2z024+232 . .
Z1 — \Z2E3rE2EaTE3EA 224—231243 4, Zf 22+23+Z4 7&0,

F(z1, 29, 23, 24, 25, 26) = i
e 21, if 2o +23+24=0,

where A € Ry such that A\ < %

Example 2.12. Define a function F : (CfsF — C as follows:

15

F(z1, 22, 23, 24, 25, 26) = 21— azz— max{zs, 23, 26} —ymax{zs, 25 }, where o, 5,7y €

R4 such that o+ 25 + 2y < 1.

Example 2.13. Define a function F : (Cf’;_ — C as follows:
F(z1, 22, 23, 24, 25, 26) = 21 — amax{zs, 23, 24, 25, 26}, & € [0,1/2).

Example 2.14. Define a function F : (Ci — C as follows:
F(z1, 20,23, 24, 25, 26) = Q121 — Qa2 — (323 — (424 — Q525 — 0626,
where ai; € Ry ;i =1,2,...,6 such that as + a3 + g + 205 + 20 < g and a; >

Example 2.15. Define a function F : C§. — C as follows:
F(z1, 292,23, 24, 25, 26) = 21 — amax{z3 + 24,25 + 26}, a € [0,1/2).

0.
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Example 2.16. Define a function F : C§. — C as follows:
F(z1, 22, 23, 24, 25, 26) = 21 — amax{za, 23, 24, 25 + 26 }, a € [0,1/2).

Example 2.17. Define a function F : (Ci — C as follows:
F(z1, 22, 23, 24, 25, 26) = 21 — amax{zs, 23, 25,24 + 26}, @ € [0,1/3).

Example 2.18. Define a function F : (C‘_’;_ — C as follows:
F(z1, 22,23, 24, 25, 26) = 21 — (24 + 26) — amax{zs, 25}, € [0,1/4).

Example 2.19. Define a function F : C§ — C as follows:

_ 220425 2z0+2 2z0+2¢ 1
F(z1, 22, 23, 24, 25, 26) = 21 — amax {552 222t 22p% ) o ¢ 0, 5).

Example 2.20. Define a function F : (Ci — C as follows:
F(z1,22,23, 24, 25, 26) = 21 — max {2F2 2tz o € [0,2/3).
Example 2.21. Define a function F : (C‘_’;_ — C as follows:
F(21, 22, 23, 24, 25, 26) = 21 — @max{zq, 23, 24, 25, 26 } — P25 + 2],
where o, f € Ry such that o+ B < %

Example 2.22. Define a function F : C§. — C as follows:
F(z1, 22,23, 24, 25, 26) = 21 — amax{z, 2E2 242} o € [0,1).

3. Main Results
In this section, we present the main results of this paper.

Theorem 3.1. Let S, T, f and g be four self mappings on a complex valued metric
space (X, d) such that SX C gX and TX C fX. Assume that there exists F € &
such that for all x,y € X,

F(d(sxa Ty)a d(fl‘, gy)a d(sxa f‘r)a d(Ty7 gy)? d(Tya f‘r)a d(Sl‘, gy)) r-j 0. (31)

If fX UgX is complete subspace of X, then the pairs (S, f) and (T,g) have a
unique common point of coincidence.

Moreover, if the pairs (S, f) and (T,g) are weakly compatible, then S, T, f and
g have a unique common fized point in X.

Proof. Let xg be an arbitrary point in X. Since SX C gX, we can find a point
21 in X such that Sxy = gx;. Also, since TX C fX, we can choose a point zs
in X with Tx; = fxo. Thus, in general for the point zs, one can find a point
Zon+1 such that Szo, = gxa,41 and also a point x99 with Tao, 11 = fro,4o for
n=0,1,2,.... Hence, we can construct two sequences {x,} and {y,} by the rule

Swon_2 = gTon-1=Yon-1 and TTop_1 = fron =y2n ,n €N (3.2)

Clearly {y,} € fX UgX. Now, we prove that {y,} is a Cauchy sequence.
Taking & = 29, and y = 2,11 in (3.1), we have

F(d(Szan, Txon+1), d(fron, gTant1), d(Sxan, fron), d(Txant1, 9T2n41)
,Ad(Txong1, fran), d(Sxan, gTont1)) 0. (3.3)
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On using (3.2) and (3.3), we have

F(d(yan+1,Y2n+2), A(Y2n: Y2n+1), A(Y2n+1, Y2n),
d(Y2n+2, Y2n+1), A(Y2nt2, y2n),0) 3 0.

Now, due to F} and triangular inequality, we have

F(d(y2n+1,Y2n+2)s A(Y2n: Y2n+1), A(Y2nt1: Y2n), A(Y2n+t2, Y2n+1),
d(Y2n+2,Y2n+1) + d(Y2n+1,Y2n),0) 30,

implying thereby |d(y2n+1,Yon+2)| < hld(y2n, yan+1)| (due to Fy). Similarly, by
taking © = x9,42 and y = xa,41 in (3.1), one can prove that |d(yan,y2nt1)| <
hld(y2n—1,y2n)]. Thus, [d(yn, yn+1)| < hld(yn-1,yn)| Vn € N—{1}. Hence, by
Lemma 1.8, {y,} is a Cauchy sequence in fX UgX. Since fX UgX is complete it
follows that {y,} converges to some ¢t € fX U gX. Therefore, in the light of (3.2),
one can have

lim Sxg, = lim Txon11 = lim fxa, = lim gzo,i1 =t. (3.4)

n— o0

Now, if t € gX, then there exists u € X such that gu = t. We assert that Tu = t.
On contrary, assume that d(T'u,t) = 0. Putting x = x5, and y = w in (3.1), we
have

F(d(Sxon, Tu),d(fxon, gu),d(Szay, fran),
d(Tu, gu),d(Tu, fxa,),d(Szap, gu)) 3 0.

Taking n — oo and using (3.4), we obtain
F(d(t,Tu),d(t,gu),0,d(Tu, gu),d(Tu,t),d(t,gu)) 3 0.
Since gu = t, we have
F(d(t,Tu),0,0,d(Tu,t),d(Tu,t),0) 20,
yielding thereby |d(¢t,Tu)| = 0 (due to F»). Hence, Tu = t. Therefore, we have
Tu = gu =t, (3.5)

proving that ¢ is a point of coincidence of the pair (T, g).

Since TX C fX, there exists v € X such that fv = ¢. Setting x = v and
Yy = Tap41 in (3.1), and using similar arguments one can prove that

Sv = fv=t. (3.6)

That is, ¢ is a point of coincidence of the pair (S, f). Hence, t is a common point
of coincidence of (S, f) and (7, g).
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Now, we prove that ¢ is unique. Let ¢’ be a point of coincidence of both (S, f) and
(T, g) such that d(t,t') >= 0. Then there exist u/,v" € X such that Su’ = fu' =t
and Tv' = gv’ =t'. Setting =« and y = v in (3.1), we have

F(d(Su',Tv), d(fu', gv),d(Su', fu'), d(Tv, gv), d(Tv, fu'),d(Su’, gv) 3 0,

so that F(d(t',t),d(t',t),0,0,d(t,t"),d(t',t) = 0, which is a contradiction to Fj.
Therefore, (S, f) and (7T, g) have a unique point of coincidence.
Now, on using (3.5), (3.6) and the weak compatibility of the pairs (.5, f) and
(T, g), we have
St=Sfv=fSv=ft, (3.7)

Tt =Tgu= gT'u= gt.
That is, t is a coincidence point of the pairs (S, f) and (T, g).

Next, we show that ¢ is a common fixed point of S, T, f and g. First we show
that St = t. If not, then d(St,t) > 0. Setting x =t and y = w in (3.1), we have

F(d(St,Tu),d(ft, gu),d(St, ft), d(Tu, gu),d(Tu, ft),d(St, gu) 3 0.
Using (3.5) and (3.7),we obtain
F(d(St,t),d(St,1),0,0,d(t, St),d(St,t) <0,

which is a contradiction to F3. Thus, St = ft = t. Similarly, one can prove that
Tt = gt = t. Hence, we have St =Tt = ft = gt = t. That is, ¢ is a common fixed
point of S, T, f and g.

The uniqueness of the common fixed point of S, T, f and ¢ is an easy conse-
quence of the uniqueness of the common point of coincidence of the pairs (S, f) and
(T, g). The proof is similar in case ¢t € fX, hence, it is omitted. This completes
the proof.

Remark 3.2. Theorem 3.1 generalizes and improves Theorem 2 of Popa [10].

Theorem 3.3. The conclusions of Theorem 3.1 remain true if the completeness
of gX U fX is replaced by the completeness of one of the subspaces SX,TX, fX or
gX.

Remark 3.4. Theorem 3.3 generalizes Theorem 2.1 of Imdad et al. [7].

As a consequence of Theorems 3.1 and 3.3, we have the following theorem for
four finite families of self mappings defined on a complex valued metric space which
can be viewed as a generalization to Theorem 2.2 of Imdad et al. [7].

Theorem 3.5. Let {S;}, {T;}7, {fr}T and {g,} be four finite pairwise commut-
ing families of self mappings defined on a complex valued metric space (X,d). Let
S =515...5,T =T11T5.. Ty, f = fifo-o-fn and g = g192...gs satisfying inequality
(5.1), SX CgX, TX C fX and one of SX,TX, fX,9X and gX U fX is complete
subspace of X. Then
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(a) the pairs (S, ) and (T, g) have a unique common point of coincidence,
(b) S, T, f and g have a unique common fized point,

(c) the component maps of the families {Si}\, {T;}7, {fx}t and {g.}; have a
unique common fized point.

Proof. By the componentwise commutativity of the pairs ({S;}}, {fx}7") and
({Tj}?, {gr}f), one can prove that Sf = fS and Tg = ¢gT and hence, the pairs
(S, f) and (T, g) are weak compatible. Consequently, Theorems 3.1 and 3.3 are
applicable for S, T, f and g which establish (a) and (b).

Now, we show that t is also a common fixed point of the component maps of
the families {S;}, {75}, {fx}? and {g,};. To do this, consider

S(Sit) = (SSi)t=(S15...88:)t = (S12...8:8))t = (515:...))t
= (S:S1..S)t = (SiS)t = S;(St) = Sit i € {1,2,...,1}.

Similarly, one can also show that S(T;t) = Tjt, S(fxt) = fit, S(grt) = grt, T(Tjt)
=T5t,T(Sit) = Sit, T(ft) = fut, T(grt) = grt, f(fxt) = fut, f(Sit) = Sit, f(Tjt) =
Tit, f(grt) = grt,g(grt) = grt,g(Sit) = Sit,g(Tjt) = Tjt, g(fxt) = fit, for all
i€ {1,2,.,1},7 € {1,2,....m},k € {1,2,...,n} and r € {1,2,...,s}. Therefore,
Sit, T;t, fit and g,t are also fixed points of S, T, f and g. But in view of (b) the
common fixed point of S, T, f and g is unique and hence (for all ¢, j, k and r) one
gets

Sit = Tjt = fkt = grt = t,

proving that t is a common fixed point of S;t,T}t, fit and g,t for all 4, 7,k and 7.
Finally, we observe that ¢ is unique common fixed point of S;t, T}t, fit and g,t for
all 4,7,k and r. Otherwise, let ¢* another common fixed point of S;t,T}t, frt and
gt for all 7, j, k and r. Then one can prove that t* is also a common fixed point of
S, T, f and g which is a contradiction. This completes the proof.

By setting S; = S,1; =T, fr = f,g» = g, for all 4, j, k and r, in Theorem 3.5 one
can deduce the following theorem which can be viewed as a partial generalization
of Theorems 3.1 and 3.3.

Theorem 3.6. Let (X,d) be a complex valued metric space and S,T, f and g be
four self mappings on X . Assume that there exists F' € S such that for all x,y € X,

F(d(S'z, T™y),d(f"z, ¢°y),d(S'z, f"z),d(T™y, g°y), d(T™y, f"z),
d(S'z, g°y)) 20, (3.9)
where I, m,n,s € N,

IfS'X C¢°X, T™X C f*X and one of S'X, T™X, f*"X,¢°X and ¢°X U "X
s complete, then

(a) the pairs (S, f) and (T, g) have a unique common point of coincidence,
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(b) S, T, f and g have a unique common fized point.

The following example shows that Theorem 3.6 is genuine but partial extension
of Theorem 3.1.

Example 3.7. Consider X = [0,1] equipped with the complex metric d(x,y) =
il —yl. Let S, T, f and g be four self mappings defined on X as follows:
Sx:{ 1, if x€]0,1]NQ; Tx:{ 1,if 2€][0,1]NQ;
0, if z€][0,1]NQ*, Loif z€[0,11NnQ,
Loif o<a<1; Lif 0<zx<1;
f””:{f,if z=1, (mdgx:{iif z=1.
Then, S?X = {1} C {3,1} = gX and T?°X = {1} C {3,1} = fX. Also

I=rol

ils =3, if 0<wy<l;
1) il —1],if 0<z<ly=1;
_ 2 2 < = 2 ) = ’ ’
0=d(5%2,T%) 3 3 =1, if z=10<y<1;
0, if r=y=1;
1
= Sd(fz,99)

Define F : (Ci — C4 as follows:

1
F(215227Z3az4525726> =Zz1 — 5227 fO'f’ all 21, %2 S (C+.

Then F € . Hence, the conclusions of Theorem 3.6 remain true if (for all x,y €
X ) implicit relation (3.9) is replaced by d(S%z,T?y) =3 %d(fz,gy). Thus all the
conditions of Theorem 3.6 are satisfied and 1 is the unique common fized point of
S, T, f and g. Here, it is worth noting that Theorems 3.1 and 3.3 can not be used
in this ezample since SX = {1,0} € {,1} = gX.

In view of Examples 2.2-2.22, we have the following corollaries which cover,
generalize and improve several known results beside yielding new contraction condi-
tions in the context of complex valued metric spaces (e.g. (a2), (a3)—(ar), (a15), (a16)
and (aq9)).

Corollary 3.8. The conclusions of Theorems 3.1 and 3.3 remain true if (for all
x,y € X ) implicit relation (3.1) is replaced by any one of the following:

(a1)

d(Sz, fx)d(Ty, gy)

d(Sz,Ty) 3 M(d(fz, 9y))d(fz, gy) + X (d(f, 9y) = +d(fxz,gy)

where A1, \a : C;. — [0,1) are given upper semi-continuous mappings such
that 2X1(z) + A2(z) < 1 for all z € Cy.
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(a2)
d(fz, gy)d(Ty, gy)
d(Sz, Ty) 2 M (d(fx, d(fz, + X (d(fx, ,
(52, Ty) 3 M(d(fz, gy))d(fz, gy) + Ae(d(fz, gy)) =7 A(fr.99)
where A1, Ao : C1 — [0,1) are given upper semi-continuous mappings such
that 2X1(z) + A2(z) < 1 for all z € Cy.
(a3)
d(Ty, gy)d(Ty, fx)d(Sz, gy)
Y(d(Sz, Ty)) 3 w( ;
s ) I+ d(fa.99)
where ¥ € U with P(z1) 3 P(22) & 21 3 22.
(as)
d(Sw, fx)d(Ty, gy)
d(Sz, Ty) 2 M\d(fz, + ;
(Sz,Ty) 3 Md(fz,9y) + pq— A0Sz, f2) - d(Ty.99)
where A\, € Ry such that A+ p < 1.
(as)
d(fz,9y)+d(Ty.gy) .
d(Sz,Ty) < 4 AT fo) + Bd(Sz, fo) s forramy oy 70
0, ifA=0,
where A = d(Sz, fx) + d(Ty, gy) and o, 5 € Ry such that « + 25 < 1.
(as)
d(fz,gy)d(Sz,fx
ard(fz, gy) + az d(fz,gy)+d€g)r,fr)+d()Tyygy)
+a d(fx.gy)d(Ty.gy)
d(Sz,Ty) = Sd(ffugé/ ;dcha)vél{%)-i-d()Ty,gy)
z. fo)d(Ty.gy : )
tou g rdse ot dTrgy A0
0, ifA =0,
where A = d(fx, gy) + d(Sx, fx) + d(Ty,gy) and o; € Ry,i=1,2,3,4 such
that S5 a; < 1.
(a7)
where o; € Ry ;i =1,2,3 such that a; + 3 + 3a3 < 1.
(as)

d(fx,gy)[l 4+ d(Sz, fz)]
1 +d(Sz, fz) + d(Ty, gy)’

d(Sz,Ty) 3 ad(Sz, fz) +

where o, 8 € [0,1) such that o + 8 < 1.
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(as)

d(Sz,Ty) 3 ard(fz,gy) + as[d(Sz, fz) + d(Ty, gy)]
d(Ty, gy)[1 + d(Sz, fz)]
1+d(fx,gy) + d(Sx, f)

d(Sz, fz)[1 + d(Ty, gy)]

1+ d(fz,gy) + d(Ty, gy) + agd(Ty, fx),

where o; € Ry ;i =1,2,...,7, such that oy + 2a + 2ai3 + g + a5 + 2a6 < 1.

(a10)

+ a3[d(Ty7 f.fC) + d(SZL', gy)] + oy

+ as

d(fz,gy)d(Sz, fz)+d(fr,gy)d(Ty,gy)+d(Sz, fz)d(Ty.9y) .
d(Sz,Ty) 3 A d(fz,gy)+d(Sz, fx)+d(Ty,qy) , ifAF#0;
~1 o0, ifA=0,

where A = d(fz,gy) + d(Sz, fx) + d(Ty, gy) and X € Ry such that X < %.
(a11)

d(Sz,Ty) 3 ad(Sz, fr) + Bmax{d(fz, gy),d(Sz, fz),d(Sz, gy)}
+ ymax{d(Sz, fz),d(Ty, fz)},

where a, B,v € Ry such that a + 25 + 2y < 1.
(a12)
d(Sxz, Ty) 3 amax{d(fz,gy),d(Sz, f),d(Ty,gy),d(Ty, fx),d(Sz, gy)},
where a € Ry such that o < %
(a13)

a1d(Sz, Ty) 3 azd(fz, gy) + azd(Sz, fr) + asd(Ty, gy) + asd(Ty, fr)
+ agd(S, gy),

where a; € Ry,i = 1,2,...,6 such that as + a3 + as + 2a5 + 205 < oy
and o; > 0.

(a1)
d(Sz,Ty) 2 amax{d(Sz, fr) +d(Ty, gy),d(Ty, fr) + d(Sz, gy)},

where o € Ry such that a < %
(a15)
d(Sz,Ty) 3 amax {d(fz, gy),d(Sz, fz),d(Ty, gy),d(Ty, fr)+ d(Sz, gy)},

where o € Ry such that o < %
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(ai6)
d(Sz,Ty) 3 amax{d(fz,gy),d(Sz, fz),d(Ty, fx),d(Ty, gy) + d(Sz, gy)},
where a € Ry such that a < 3.
(a17)
d(Sz, Ty) 3 ald(Ty, gy) + d(Sz, gy)] + amax{d(fz, gy),d(Ty, fz)},
where o € Ry such that o < §.
(a1s)
2d(fx,gy) +d(Ty, fx) 2d(fz,gy) +d(Ty,gy)
2 ’ 2
2d(fx, gy) + d(Sz, gy) }
: 5 :

d(Sz,Ty) 2 amax {

where o € Ry such that o < %

(a19)

d(Sz,Ty) 3 amax {d(ff”’ gy) +d(Ty, fz) d(Ty,gy)+ d(Sz, gy) } ,

2 ’ 2
where a € Ry such that o < %
(az0)

d(Sz,Ty) = amax{d(fz,gy),d(Sz, fz),d(Ty,gy), d(Ty, fx),d(Sz, gy)}
+ Bld(Ty, fx) + d(Sz, gy)],

where a, B € Ry such that a+ < %

(az1)

d(Sz, Ty) < omax {d(fz,gy), d(Sz, fx) ;rd(Ty,gy)7 d(Ty, fx) ;r d(Sz, gy) }

where e € [0,1).

Proof. The proof of each contraction condition in this corollary follows easily
from Theorems 3.1 and 3.3 in view of Examples 2.2-2.22.

Remark 3.9. Here, we point out the following fallacies.
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1. We have noticed some fallacy in the proof of Theorem 8 of Abbas et al. [1].
Observe that in equation (6) in [1] authors used {322 3 z1 which is not true

in general (e.g. take z1 =1 and zo = 1+ then é—iz £1).

2. We have also noticed yet another fallacy in the proof of Theorem 8 of Abbas
et al. [1]. Notice that on page 4 second line authors used ¥(z1) 3 VP (z2) =
21 3 2o where ¥ € W which is not true in general (e.g. definey : C; — C4
by ¥(z) = Re(z) +Im(z) Vz € Cy, thentp € ¥ and (i) =131 =1¢(1),
i A1)

Remark 3.10. The majority of results corresponding to contraction conditions in
Corollary 3.8 generalize and improve a multitude results of the existing literature.
Corollary 3.8 corresponding to contraction condition

1. (a1) improves Theorem 3.2 of Sintunavarat et al [20].

2. (ag) remains a generalized form of Theorem 2.1 of [/]. Particularly, substi-
tuting ay = a5 = ag = 0 in (ag), we get Theorem 2.1 of Bhatt et al. [4].

3. (a12) generalizes Theorem 2.1 of [23]. Especially, substituting f = g =1 in
(a12), we get Theorem 2.1 of Verma et al. [23].

4. (ay3) present Theorem 2.1 of Rouzkard [15].

5. Corollary 3.8 corresponding to contraction condition (asg) generalizes Corol-
lary 2.2 of Verma et al. [23].

6. (a21) represents Theorem 2.2 of Sastry et al. [17].

Next, we indicate that a corollary analogous to Corollary 3.8 can be outlined in
respect of Theorem 3.6 involving various iterates of mappings namely: S', 7™, f"
and ¢°.

Corollary 3.11. The conclusions of Theorem 3.6 remain true if (for all xz,y €
X ) implicit relation (3.9) is replaced by any one of the contraction conditions in
Corollary 3.8 with S = S', T =T™, f = f" and g = ¢°.

4. Applications to Integral Equations

Let X = C([a, b], R”), a > 0. In this section, we show that Theorem 3.1 (corre-
sponding to contraction condition (a1)) can be applied to prove the existence and
uniqueness of common solution for the system of Hammerstein integral equations:

b
o) = 0,0+ [ k() f5(sa()ds, (4.1

where t € [a,b] C R, x,%; € X, k; : [a,b] x [a,b] — R"™ and f; : [a,b] x R" —
R™ j=1,2.
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Also, Theorem 3.1 (corresponding to contraction condition (a3)) can be applied
to prove the existence and uniqueness of common solution for the system of Urysohn
integral equations:

b
o(6) = 0,0+ [ Ryt 5,0(5))ds, (42)
where ¢ € [a,b] C R, z,¢; € X, kj : [a,b] x [a,b] x R" — R™ and j = 1,2.
Throughout this section, we use the following symbols:

b
H](z(t)) = /kj(t,s)fj(s,:c(s))ds, j=1,2,
/b k;(t, s, x(s))ds, j=1,2,

=

—~
8

—~
~

~—

~
I

Quy(t) = [[Hiz(t) + ¢y (t) — Hoy(t) — hy(t)]lseV/1 + a2 el 2retana,
Apy(t) = Jlz(t) — y(t)]lsoV/1 + a2 ei2retana,

Q1) = [Uia(t) + o1 (1) — Usy(t) — @a(t)]|ocV/1 + a2 el etana,
Any(t) = [|Usy(t) + a(t) — y(£) oo /1 + a2 e2retana,

Boy(t) = [[Usy(t) + @) — 2(t)]eoV/1 + a2 ei¥retane,

Coy(t) = [Ura(t) +@1(t) — y(B)l|locV/T + a? e 2retone,

Sy (t) = (”Hw(t) + by (t) — y(t)loe V1 + a2 eimana>

1+ max;eq,5] Auy(t)

X |[Hya(t) +1(t) — 2(t) oo V1 + a? eroretene,

AL () = (Azy(szy(t)cmy (t) >

1+ maxye[q,5) Aay(t)

Theorem 4.1. Let X = C([a, bl R”), a > 0. Consider the system of Hammerstein
integral equations described by (4.1). Suppose that ki, ke, f1 and fo are such that
Hy(x),Ho(x) € X for all x € X. If there exist mappings A\, Ao : C4 — [0,1)
such that for each z € C, x,y € X and t € [0,1), we have

(1) 2X1(2) + Aa(z) <
(i) Quy(t) 3 Al(maxte[a,b} Agy () Ay (t) + A2 (maxieq 5 Aay(t)) Zay(t).

Then the system of integral equations (4.1) have a unique common solution.
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Proof. Define a metric d : X x X — C4 by

d(z,y) = max ||z(t) — y(t)”oo\/H—az piarctana

t€la,b]

Then (X,d) is a complete complex valued metric space. Define two mappings
S, T:X — X as follows:

b
S(@(t)) =1y (t) + Hi(2(t)) =1 (t) +/ k(t,s) f1(s, 2(s))ds,

b
T(x(t)) = wy(t) + Ha(x(t)) = ,(t) +/ ka(t, s) fa(s, x(s))ds.

Let z,y € X. Then we have
d(Sz, Ty) = maxe[qp) || H12(t) + 1y (1) — Hay(t) — Vo (t)|loov/T + a2 eiorctana
d(Sz, ) = maxge(qp) |[H1z(t) + ¥, (t) — 2(t)]| V1 + a2 el 2retana,
d(Ty,y) = maxse(qp) [|[Hay(t) + 15(t) — y(t)|| oo V1 4 a? efarctana,

From assumption (i), for each ¢ € [a, b] we have

(1)

1N

tela,b] tela,b]

< A Ay (t Ay (t) + A\ Ay (t Zoy (1),
3 1(;1[3;;] u( ))fél[ifi] y(t) + 2(3@3;1 u( ))Jél[i’i] y(t)

which implies that

Quy(t) = A Ay (t Ay (t) + A Ay, (t Sy (t),
Jnas y(t) 3 1(;;1[3% o ))trél[ifé] y(t) + 2(5&3,’2] o )>J§[i’§] y(t)

yielding thereby

d(Sz,z)d(Ty,y)

d(Sz, Ty) 3 M(d(zy)d@,y) + held(z,y) = m =3

Thus, all the conditions of Theorem 3.1 corresponding to contraction condition
(a1) with f = g = I are satisfied . Therefore, the Hammerstein integral equations
described by system (4.1) have a unique solution.

Theorem 4.2. Let X = C([a,b],R™), a > 0. Consider the system of Urysohn inte-
gral equations described by (4.2). Suppose that ki and ko are such that Uy (x), Us(x)
€ X for all x € X. If for each x,y € X and t € [a,b], we have

Q5 (1) S Agy (®). (4.3)

Then the system of integral equations (4.2) have a unique common solution.
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Proof. Define a metric d : X x X — C4 by

d(ﬂﬁay) = tléﬂ[g)l()] ||$(t) _ y(t)Hoo\/H‘—a? eiarctana.
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Then (X,d) is a complete complex valued metric space. Define two mappings

S, T: X — X as follows:

b
S(a(t)) = ¢1(t) + Ui (2(t)) = @1 (1) +/ k(t, s, 2(s))ds,

b
T(2(t)) = po(t) + Us(2(t)) = (1) +/ ko (t, 5, 2(s))ds.

Let z,y € X. Then we have

d(St, Ty) — maxye(ay [|Ura(t) +
) (E( )||OO\/H‘—G2 eiarctana’
) y( )HOO\/H’—GQ e'L.aYCtana,7

( HOO\/H—GJQ etarctana

©1(t)
d(Sz,x) = maxyeqp [|[U12(t) + ¢ ( ) —
d(Tya ) maXiea,b] HUQy(t + (t)
( (t) + ¢ (t) —

)
Sx,y) = maxse[qp) ||Urz(t

On using assumption (4.3), for each ¢ € [a, b] we have

Q0 3 AL®)
< A*
S max 2y(t):s
which implies that
Q1) = A* (¢
Jnax ) 3 Jnax oy (1)
or
Q1) =< A* (t
w(trél[gfg} L) 3 zb(tgl[gfg} ,(®),
so that

Y(d(Sz, Ty)) 3 (d(Tya y)d(Ty, x)d(S, y)) |

1+ d(z,y)

t 2 ( 1/12( )HOO\/H—QQ eiarctana,

Thus, all the conditions of Theorem 3.1 corresponding to contraction condition
(ag) with f = g = I are satisfied. Therefore, the Urysohn integral equations de-

scribed by system (4.2) have a unique solution.
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